The thermal and electrical transport properties of single-crystalline LaBe 13 have been investigated by specific-heat (C) and electrical-resistivity (ρ) measurements. The specific-heat measurements in a wide temperature range revealed the presence of a hump anomaly near 40 K in the C(T )/T curve, indicating that LaBe 13 has a low-energy Einstein-like-phonon mode with a characteristic temperature of ∼ 177 K. In addition, a superconducting transition was observed in the ρ measurements at the transition temperature of 0.53 K, which is higher than the value of 0.27 K reported previously by Bonville et al. Furthermore, an unusual T 3 dependence was found in ρ(T ) below ∼ 50 K, in contrast to the behavior expected from the electron-electron scattering or the electron-Debye phonon scattering.
The thermal and electrical transport properties of single-crystalline LaBe 13 have been investigated by specific-heat (C) and electrical-resistivity (ρ) measurements. The specific-heat measurements in a wide temperature range revealed the presence of a hump anomaly near 40 K in the C(T )/T curve, indicating that LaBe 13 has a low-energy Einstein-like-phonon mode with a characteristic temperature of ∼ 177 K. In addition, a superconducting transition was observed in the ρ measurements at the transition temperature of 0.53 K, which is higher than the value of 0.27 K reported previously by Bonville et al. Furthermore, an unusual T 3 dependence was found in ρ(T ) below ∼ 50 K, in contrast to the behavior expected from the electron-electron scattering or the electron-Debye phonon scattering.
The beryllides MBe 13 (M = rare earths and actinides) show several novel physical properties depending on the M atom, such as unconventional superconductivity (SC) in UBe 13 , 1) an intermediate valence state in CeBe 13 , 2) and helical-magnetic ordering in HoBe 13 .
3) The
MBe 13 compounds crystallize in an isostructural NaZn 13 Recently, such cage-structured systems, as represented by filled skutterudites and β-pyrochlores, have been attracting much attention because of the presence of a low-energy phonon mode associated with local vibration of a guest atom with a large amplitude in an oversized host cage, called rattling. [6] [7] [8] [9] The presence of rattling is considered to be related to some novel phenomena, such as the magnetic-field-robust heavy-fermion state in 16) However, no experimental details and data concerning the SC are described in their paper. It should be noted that all the previous studies were performed by using polycrystalline samples. The present paper is the first report on the thermal and electrical transport properties of single-crystalline LaBe 13 , and we found evidence of the presence of the low- The grown samples were characterized by powder X-ray diffraction (XRD) using Cu-Kα 1 and Kα 2 radiation as shown in Fig. 1 . The obtained XRD pattern of the annealed LaBe 13 does not show any impurity phases within the experimental accuracy except for reflections come from a copper holder. The lattice parameter was determined as a = 10.506(3) Å from the high-angle data (2θ > 110 • ), which is slightly larger than the reported value of 10.451 Å. 13) In addition, we performed Rietveld analysis based on the NaZn 13 -type cubic structure, where the lattice parameter was fixed to 10.506 Å. The typical reliability factors are R wp = 7.76%, 18)
The specific-heat measurements were performed by a thermal-relaxation method in the temperature range of 2 -300 K with a commercial Physical Property Measurement System (PPMS, Quantum Design, Inc.). Electrical-resistivity measurements were performed by a conventional four-probe method in the temperature range of 0.3 K ≤ T ≤ 300 K. In the present ρ measurements, the current J was applied along the [100] direction. Figure 2 shows the temperature dependence of the specific heat divided by the temperature C(T )/T of LaBe 13 measured on an unannealed sample. In the low-temperature region below ∼ 10 K (see the inset of Fig. 2 ), the C(T )/T curve obeys the Debye T 3 law:
The Debye temperature θ D can be determined from the following expression: where R is the gas constant and n (= 14) is the number of atoms in the formula unit. From the experimental results, we determined γ and θ D as 9.1 mJmol −1 K −2 and ∼ 950 K, respectively.
19)
The obtained γ is in good agreement with the value determined from the two previous experiments 14, 15) and a band calculation, 5) whereas the obtained θ D is somewhat higher than that reported in all the previous experimental studies. [13] [14] [15] The C(T )/T curve of LaBe 13 shows a broad hump anomaly near 40 K, which cannot be described only by the Debye phonon contribution. In Fig. 3 , we plotted the temperature dependence of (C -γT )/T 3 for LaBe 13 , since such analysis is useful in investigating the Einstein phonon contribution of the specific heat. In the intermediate temperature range between ∼ 10 and ∼ 200 K, the (C -γT )/T 3 curve considerably deviates from the Debye specific heat (the red solid line) and shows a broad peak at T max ∼ 36 K. T max is known to be linked to θ E by the relationship θ E ∼ 4.92 T max . 8) From this relationship, we estimated the value of θ E for LaBe 13 to be ∼ 177 K, 19) which is higher than that reported for La-based filled skutterudite compounds and β-pyrochlore oxides, for example, θ E = 138 K for LaFe 4 P 12 8) and θ E = 70 K for CsOs 2 O 6 . 20) The Einstein contribution to the specific heat calculated from the obtained θ E (the blue solid line in Fig. 3 ) well reproduces the hump structure in the specific heat.
Note that such a hump structure in C(T )/T has been found near 40 K even for ThBe 13 , 21) suggesting that θ E for ThBe 13 is close to that for LaBe 13 . In addition, θ E of UBe 13 and ThBe 13 were estimated from the previous INS measurements to be ∼ 151 and 157 K, respectively.
12)
These findings suggest that the MBe 13 systems commonly possess a low-energy Einsteinlike-phonon mode. If the low-energy phonon mode is attributed to the local oscillation of the guest atom in the cagelike structure, the difference in θ E between LaBe 13 and UBe 13 /ThBe 13 might be explained by the difference in the mass between the M ions. whereas it is not observed in LaBe 13 . This suggests that the low-energy phonon mode of LaBe 13 may not be anharmonic.
Instead, ρ(T ) for LaBe 13 shows T 3 behavior below 50 K, as shown in the inset of scattering. 24, 25) It is known that the T The superconducting properties of LaBe 13 are not yet well known except for T SC at zero field. Very recently, specific-heat measurements have been performed down to ∼ 0.1 K, and thermodynamic evidence for the SC of the bulk has been found. 27) In summary, we have succeeded in growing single-crystalline LaBe 13 by the Al-flux method, and we performed C(T ) and ρ(T ) measurements. The C(T )/T curve shows a hump structure near 40 K, which can be interpreted as the contribution of the Einstein phonon with θ E ∼ 177 K. The obtained θ E is close to that of ThBe 13 and UBe 13 reported previously, suggesting that the low-energy Einstein-like phonon is commonly present in the MBe 13 systems.
In the ρ(T ) measurements, we found an unusual T 3 dependence below ∼ 50 K, where the low-energy Einstein-like phonon might play some role in the electron-phonon scattering. In addition, a superconducting transition occurs at T SC of ∼ 0.53 K, which is higher than the value in the previous report using a polycrystalline sample (T SC = 0.27 K). Further studies will be required in order to reveal the detailed superconducting properties of LaBe 13 .
